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Abstract— In this paper, multiple on-board sensors are used
to assess the terrain safety in real-time during sTecraft
descent. A linguistic, fuzzy rule-based reasoningngine is used
to determine terrain safety from sensor measurement and,
together with information about required fuel consumption and
site science return, provide a figure-of-merit forall possible
landing sites. Additional fuzzy rule-sets are usedo address
spatial and temporal dependence in the reasoning pcess in
order to arrive at a final score for each potentiallanding site.
This landing score is used to retarget the spacedtaif the
original landing site is found to be hazardous. Simlation
studies are presented for illustration.

|I. INTRODUCTION

N July 20 1969, as the Apollo 11 Lunar Module wa

approaching the surface of the Moon,
commander Neil Armstrong realized that the flighinputer
was taking the spacecraft to a field of bouldersr reecrater.
He immediately switched to manual control, pitchie
spacecraft, cleared the hazardous terrain, andedama a
soft sandy patch. Thus, Neil Armstrong effectivefyved the
mission and paved the way for mankind’s first stepsthe
Moon.

Over the past few years, there has been a conosfifl
to develop technologies that enablégonomous safe landing
of a spacecraft on potentially hazardous terraime T
autonomous landing systems have mostly been cotatedp
for space exploration missions to distant planetsere/
manned flight remains out of the question. In jgaitr,
under funding from NASA/NRA, the authors have deped
an autonomous multi-sensor system for safe landimiylars
calledSmartLand [1].

The focus of this task is on the use of reasorénfriques
for landing site selection during autonomous spatec
descent. The reasoning engine must effectivelgrate both
on-line and off-line information that is crucial gosuccessful
landing. Among the factors that contribute to acsssful
landing are terrain safety, fuel consumption, acrgific
return. Terrain safety and fuel consumption aresreined
on-line during spacecraft descent. Multiple on-ldosensors
provide measurements of the terrain that are usetktect
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landing hazards and assess safety. While landifeqysia a
critical factor in any mission, there must also dmgentific
value. Hence, sites with a high potential for stifienreturn
are determined off-line by scientists prior to thméssion
during a rigorous and extended process [2].

A variety of techniques can be used for the reagpni
process. For instance, landing site selection using
probabilistic reasoning is described in [3]. Instipiaper, we
discuss the use of fuzzy reasoning—specificallyle-based
approach. The linguistic fuzzy rule-set, which nledthe
expert's decision-making process, integrates tersafety,
fuel consumption, and scientific return in orderd&termine
landing site quality. Using defuzzification, a nuioael

WaSigure-of-merit (or landing score) is derived fdt possible
the fI'ghFanding sites independently. In a subsequent sgegtjal and

temporal dependence are addressed using furthey fuz
reasoning that considers landing scores earlidrérdescent
(temporal dependence) and from neighboring sitpatigd
dependence). The final landing site is selecteédas the
maximum landing score after integrating all the essary
information. This fuzzy approach to landing sitéeston is
evaluated by simulating spacecraft descent ontarigty of
planetary terrains.

The paper is structured as follows. Sections lbulgh 1V
discuss the key criteria for landing success; ngntefrain
safety, fuel consumption, and scientific returnctiem V
reviews fuzzy reasoning and introduces the ruledas
method used to determine landing site quality.sthative
simulation studies are presented in Section VI. pager is
concluded in Section VII.

Il. TERRAIN SAFETY

Terrain safety assessment is performed by theespait's
on-board sensors. Because safety is of paramount
importance, it is critical to ensure that the sesstan be
relied upon for terrain characterization. The uSenaltiple
on-board sensors is thus proposed in order to geoxdded
robustness. The three sensors considered hereprasad-
array terrain RADAR, a descent camera, and a segnni
LIDAR. More detail on the particulars of each sengo
provided in [1].

Using a combination of active and passive senwdits
different physical characteristics such as field4efw,
resolution, and operating range provides robustnéss
addition, the different operating range of eaclseefeads to
a tiered approach [1]. In the tiered approach s#émsors are
grouped based on their ranges of operation, as rshow
Table I.



I1l. FUEL CONSUMPTION

TABLE | ) i ) .
TIERED SENSOROPERATION As the terrain safety is assessed during deseatgeting
Tier Range Operational Sensor(s) operations can be performed in order to avoid lkondi
; g?(km -18kkm RADEQDAS hazards and reach a safe landing site. However, the
m— m + Camera . . .
3 1km - Touchdown RADAR + Camera + LIDAR reachable terrain is constrained by the spacesrdéscent

trajectory, velocity and available fuel. Using st
analysis, it is shown in [7] that the reachabledier (landing

In each descent tier, terrain features are extaitbm the 212 )
fgotprlnt) is bounded by the fuel ellipse

operational sensors. Slope and roughness featumes

obtained from the RADAR and LIDAR. The Least Median 2 2
of Squares (LMedSq) regression technique [4] isduse X—2+y—2:1, (5)
locally fit a plane to the range data. Given thenpl modek a” b
= ax + by + ¢ in 0% the local slope is obtained by where the semi-major axia and semi-minor axid are
computed from
fo(x,y) = cos‘l(%) : (1) 2
var+b+1 _(BVE2BImA AV AV . (6)

wherea andb are the parameters of the best fitting plane at 20V (A=vy / AV)

location §,y). The fitting error between the plane and thén the above equations)V is the allowable change in
range is used as a measure of roughness: velocity based on fuel allocatioft is the time to impacisy

_ _ is the horizontal velocitym is spacecraft mass, arl is

fe(xy) =[d(x y)~(ax+by+c) , @ kinetic energy [7].

where, d(x,y) is range data from either the RADAR or Figure 2 shows estimated landing footprints atiousr
LIDAR. Robust and computationally efficient hazardpoints during descent. The position of the spadedsa
detection algorithms are used to locate craters and rock¥wn as a red circle. The ballistic trajectoryibegyith an
from camera imagery. Crater boundaries are representedimiial horizontal velocity. The landing ellipse amges
an ellipse [5]. Lew;, Yo;, &, b, andg be the ellipse center dramatically after a re- targetlng maneuver is agupli
x-coordinate, centey-coordinate, semi-major axis length, -
semi-minor axis length, and rotation angle, respectively, for
theith detected crater. The crater map is then
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wherex andy are points in a coordinate system rotatedgby
and translated byy; andyp;.

At lower altitudes, rocks and boulders are visible and are
detected using the algorithm described in [6]. Rock sizes are
estimated based on shadow projection patterns and the
known sun angle. The rock map is simply

0.
400

Fig. 2 Estimated landing ellipse using ballistiabysis.

1 for(x,y)OR V. SCIENTIFIC RETURN

fr (x.y) :{ , (4)

0, otherwise Landing site selection for a space exploration imiss$s

) ) . ) ) o generally a compromise between terrain safety amhtfic
whereR is the set of pixel locations in the image idéetifas gty When safety cannot be guaranteed, a patesite

rocks. Example detection results are shown in Eidur must be discarded—regardless of its potential siien
(@) impact. Determining areas of high scientific retum a

N ‘ . laborious process that involves numerous considesat

beyond the scope of an on-board reasoning systgrit |g,
however, possible to integrate the scientists’ earefl sites
Fig. 1 Craters (a) and rocks (b) detected from carmeagery.

in order to influence the on-board site selectidhus, for
instance, the scientists may pre-select multipkeqtal sites
that can be used in conjunction with the on-boa&matn
safety assessment in order to select the bestdsiting
descent. Such a scenario is considered here.
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Fig. 3 Block diagram of the proposed landing siiection approach. The three phases of fuzzy ré@agame shown in gray.

Assume scientists select a set of points of interethree fuzzy reasoning phases as depicted in Figuhe the
(%j,Yoj) on the terrain. Each point is at the center of first phase, the safety of the terrain is asseased) a set of

circular region of interest with radius rules based on features extracted from the on-bsamdors,
) — as described in Section Il. The second phase irgolv
(X=Xg; ) +(Y=Yoi) 1. (") integrating information based on terrain safetyelfu

consumption, and scientific return using a landmgality
rule set. In the third phase, the landing qualitgalier times
in the descent and the landing quality of neighfgpsites are
combined using spatial and temporal rule sets.

The regions of scientific interest may or may netranked.
If the sites are ranked, the ranking may be redatov other
sites or based on a scale of interest. At the pafientry, all
pre-selected locations are reachable. As the tesaety is
assessed, the site that best combines terrainysdietl B. Fuzzy Terrain Safety Assessment

consumption, and scientific return is used foramgyting. Terrain safetyt, is represented by four fuzzy sets with the
linguistic labels {P, L, M, H}, which stand fopoor, low,
V. Fuzzy REASONING moderate, andhigh, respectively, as shown in Figure 4.

The field of fuzzy logic was introduced by Zadehl®65 3
[8]. A wide variety of practical applications usirfgzzy §
principles have been demonstrated over the yaashiding o
relevant autonomous tasks such as navigation [®]ading @
[10]. Part of the appeal of fuzzy systems is that/tcan be é
used for approximate reasoning. This is particularl 2 f
important when there is uncertainty in the reaspipirocess,
in addition to imprecision in the data. In the @tof this Fig. 4 Fuzzy membership classes.
paper, the sensor measurements are the sourceetainty, ~ The RADAR and LIDAR both vyield range data that is

as they can be corrupted by noise. Observe thatisheof ysed to extract slope and roughness features. Herwce
linguistic fuzzy sets and simple IF-THEN rule statementghown in Figure 5, the same rule-set is used fesehwo
enables fuzzy logic to model a human expert’s neiagoand  sensors.

decision making process. The linguistic labels for the slofg are {VF, F, S, VS},

A. Rule-Based Approach which ;tand for \./ery—l"la.t, flat, steep, and very-steep,
refspectlvely. The linguistic labels for roughnésare {VS,

g, R, VR}, which stand fovery-smooth, smooth, rough, and
very-rough, respectively. All rules in Figure 5 are connected
via the AND operator. Thus, for instance, the fixde is IF

The fuzzy rule-based approach consists of a set
linguistic statements, or rules, defined by a hureapert.
Each rule is of the form

IF C, THENA, (8)  (fpis VS) AND (. is VR), THEN (is P).
where thecondition C is composed of fuzzy input variables fo
(e.g. terrain safety, fuel consumption, scientifi¢urn) and VR R S VS

fuzzy connectives (e.g. AND, OR, NOT) and Hution A is

a fuzzy output variable (e.g. landing site qualifyhe rules VS| PIPILIM

are evaluated based on their membership to fuzizy s slpliLimlIwm
opposed to traditional Boolean logic that requirfed fo

N . FlL|{M|M|H
membership in a set, a fuzzy system includes ao$et
membership functions that allow for degrees of mensiip VF|M|[M|[H|H

in multiple sets.

Determination of the best landing site is perfornied _ ,
Fig. 5 Rules for terrain safety from range data.
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Fig. 6 Safety (a), fuel (b), and science (c) mapslaid on example terrain.

A numerical safety score is obtained using centroitbrrain safety score is overlaid on a Digital Elevation

defuzzification. The safety score is a weighted loimation
of the degrees of membership to the fuzzy classes:

2 PiA
(X y) = ——,
XA

j

(9)

Model (DEM) of a planetary landscape. The coloriegds
as follows: red, orange, yellow, and green corredpio P,
L, M, and H, respectively.

C. Fuzzy Landing Ste Quality Assessment
The three key factors for landing success (tersaifety,

fuel consumption, and scientific return) can bekdith to
landing quality using a fuzzy rule set. Safety ésigced from

Whereti(x,y) is the defuzzified terrain Safety score for tthrrain Sensors using fuzzy reasoning, as describhatie

ith sensor at pointx(y) on the terrainp; is the peak value
associated with the membership functions, anid the area
under the truncated membership function. The riegsult
safety score is in the range [0.0,1.0].

previous section.

In the case of fuel consumption, a ballistic madelsed to
determine the elliptical boundary of the reachateleain.
However, this boundary is merely an estimate ardefore,

Let t,, &, andts represent the terrain safety scores for thg js important to consider a margin of error. Aged more
RADAR, camera, and LIDAR respectively. The terrainconservative boundary is introduced, thus accogrftn the

safety score for the camera can be obtained frenh#izard
detection algorithms directly. In Tier 2, only @t are
detected and hence, the camera terrain safety $gdse
simply

tZ(X! y) :1_ fC(X! y) .

In Tier 3, both craters and rocks are detected tnad
cameraterrain safety scasebecomes

t2 (X, y) = [1_ fc(xl y)][l_ fr (X, y)] )

(10)

(11)

margin of error. Let represent reachable terrain based on
fuel consumption. Three classes are consideredMUR},
which stand forunreachable, marginally-reachable, and
reachable. Points outside the original boundary are
automatically unreachable. Points within the new (i.e.
reduced) boundary areeachable. And points that lie
between the original and new boundary anarginally
reachable. An example fuel map is shown in Figure 6b. The
color coding is as follows: red, yellow, and greanrespond

to U, M, and R, respectively.

wheref, andf, are the crater and rock detection maps definedVhereas terrain safety and fuel consumption are

earlier. Having obtained safety score for eacthefd¢ensors,
a fused safety score is obtained using a weighterhge:

)= X B (), (12)

where Z5;=1. The weightsf represent a measure of
certainty associated with each sensor. The weigirisbe set
based on environmental factors, as in [1]. Theabdity of
the hazard detection algorithms can also be used.
instance, if a crater is detected, that regionhef terrain is
known to be unsafe. However, if a crater is noedeetd, it
cannot be said with certainty that the terrainaife and thus,
the RADAR and/or LIDAR should be weighted more. ISuc
an approach is adopted here; camera certaintyt i® sro
when a hazard is not detected. Consequently, tightge5
are also a function of locatiorx{y). In Figure 6a, the fused

determined on-line during descent, points of sdient
interest are determined off-line, prior to missitaunch.
Scientists select multiple points on the terraiat thre of
interest. Lets represent the level of scientific return for any
point (x,y) on the terrain. Four levels (or classes) of
scientific return are considered: {N, L, M, H}, vdhi stand
for none, low, medium, and high, respectively. Before
mission launch one of the regions is selected esitminal

Iganding site. Figure 6¢ shows three regions of raifie

interest overlaid on the terrain. The color codisgas
follows: red, orange, yellow, and green corresptmd, L,
M, and H, respectively.

During descent, as the terrain safety is assesthed,
spacecraft may retarget to another potential lapdite after
incorporating all relevant information. This prosésvolves
fuzzy reasoning. Ldtrepresent landing site quality. As with



terrain safety, four classes are considered. Theuistic
labels {P, L, M, H} represenpoor, low, medium, andhigh
landing quality, respectively. The
membership functions are the same as those ind-@ufhe
landing quality rule-set integrates the three inpatiables
terrain safety, fuel consumption, and scientifiture. The
first rule addresses the worst-case scenario:

IF (tis P) OR §is N) OR ¢ is U), THEN (is P), (13)

wheret is terrain safetys is scientific returnys is terrain

As shown in Figure 8¢ represents the landing score at the
current location and current time-frame, represents the

landing qualitylanding score at the current location and previtinge-

frame, andl, is the median score of the eight cells
neighboringl,. The spatials and temporal; landing scores
are obtained by applying the rules in Figure 8 ara then
combined using a weighted average to arrive atnal fi
landing scorel:

(% y) =ads(x y)+ad (xy), (14)

reachability, and is landing site quality. The remaining rules,,qre as+a=1. The weights can be set equally or can be

employ the fuzzy connective, AND, as shown in Fegar
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Fig. 7 Rules for landing site quality

D. Fuzzy Spatial and Temporal Landing Assessment

The fuzzy reasoning process described up to thist
performed for each poink(y) on the terrain independently.
Realistically, however, the quality of a landintgsis neither
spatially nor temporally independent. The landingre at a
point on the terrain at one time during descentsdoet
change dramatically at a subsequent time. Simijlatg
landing score at a particular point on the terr&nin
general, not substantially different from the lanpscores of
its neighbors. Consistent with the reasoning agechitre
described earlier, we also address spatial and aehp
dependence in a fuzzy framework.

Regional measures for safety have been addresgmtbin
work using filtering techniques [11]. The use oi#y rule-
sets to incorporate spatial and temporal infornmatian be
thought of as a non-linear approach to the probl&he
spatial and temporal fuzzy rule sets are showngurg 8.
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Fig. 8 Rules for spatial (a) and temporal (b) lagdassessment.

biased towards either the spatial score or the ¢emhgcore.
Incorporating the spatial and temporal rules presidnother
layer of uncertainty management. The landing st¢ateus
incorporates the three key landing factors (tersaiiety, fuel
consumption, and scientific return), as well astigpand
temporal information that mitigates spurious sensor
measurements. Site selection merely involves fopdine
point on the terrain with the highest sctire

(x,y)= argl;ga;;{l (x y)}. (15)

The selected landing sit&(y ), which has a corresponding
landing score of =max{l(x,y)}, can be used to retarget the
spacecraft and ensure a successful landing.

VI. SIMULATIONS

The proposed approach is evaluated by simulating a
spacecraft's descent onto a diverse set of planétarains
closely resembling the Martian landscape. A tothltem
different synthetic DEMs are used for validationesbent
onto each DEM is performed using DSENDS [12], ehhig
fidelity dynamics and spacecraft simulator for gnttescent
and landing. RADAR, camera, and LIDAR sensor
measurements of the synthetic terrains are obtaimed
multiple points during descent using appropriatedets.
Having extracted terrain features from the sensor
measurements, the fuzzy reasoning engine is usebtéin
landing scores for each point on the visible tarsmgments.

Landing site selection results are shown in Figur@he
safety assessment is overlaid on each terrainfughellipse
is dashed and the sites of scientific interestsala. Each
site of scientific interest is centered about thigioal point
selected by a scientist and shows a broad areaaviittular
radius of 100m. The science ranking is indicated Hy
(high), M (medium), orL (low). The sites of scientific
interest are not selected by actual scientists—#reyonly
meant for evaluation purposes. The final seledadihg site
is shown with a black hash mark. In addition, thealf
landing scord’ is shown for each selected site. All examples
are at an altitude of 4km.

As can be seen from Figure 9, the fuzzy landing sit
selection process adequately combines the reldaaturs.
For instance, in Figure 8a, there are two site$ Wigh



scientific return. However, one of them lies inexywunsafe [11] H. Ser'aji,,;‘Safety Measures for Terrain Classifimatand Safest Site
porion of the terain and the other is just beyad |, SSECloT MmO RS 1) itz
reachable boundary. As a result, the site witkdium Martin, E. McMahon, G. Sohl, "DSENDS - A High-Fidgl
scientific return is selected. In Figure 8b, on ttieer hand, Dynamics and Spacecraft Simulator for Entry, Deseend Surface
the only site withhigh scientific return is selected because  -anding,"|EEE Aerospace Conference, Big Sky, MT, March, 2002.
there is sufficient safe terrain and it is withiretreachable

boundary. @

&00

VII. CONCLUSIONS

=
f=]
=

This paper describes a fuzzy rule-based approach
landing site selection during autonomous spacedesftent.
Terrain safety is determined using a fuzzy rule thett
integrates information from multiple on-board sessdn
addition, reachable regions of the terrain are rdetesd
using a ballistic descent trajectory based on spafttefuel
consumption. Scientific return is also considergdlowing
mission scientists to pre-select regions of interas :
candidate landing sites. All three key criteriaré safety, o meters 500
fuel consumption, and scientific return) are ingggd using
a fuzzy rule-set. Further robustness is added dyrporating
spatial and temporal information to the reasoningcess.
The landing site selection is performed by choosiggpoint
on the terrain with the highest landing score aftanpleting
the reasoning process. Simulation experiments ssfidly
demonstrated the selection of landing sites thsit t@mbine
safety, fuel, and science criteria. Future work il/olve
more rigorous validation, including Monte Carlo siations
and experiments on real data.
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